The paper presents a PID -Fuzzy Sliding Mode control (PID-FSMC) algorithm for overhead crane system to guarantee anti-sway trajectory tracking of the nominal plant. The proposed PID-FSMC law guarantees the closed-loop asymptotical stability as well as improve S the transient response of the load sway dynamics when the trolley is moving. The simulation results confirm the propriety of the proposed controller and show great promise of the controller application in practice. Besides, to confirm the controller's application ability, we installed some propositional algorithms into a real system in laboratory.
PROBLEM STATEMENT
The problem of anti-sway tracking control for overhead crane system is a common and quite sophisticated one. Therefore, it always attracts the interest of researcher community. In fact, the overhead crane is an underactuated system, i.e., the system has a lower number of actuators than degrees of freedom. This underactuation property leads to the swing of the load and the movement of the trolley. On the other hand, the load dynamics that is out of control may cause insecurity problems in system operation. The problem of anti-sway tracking control for overhead crane systems which have hard nonlinearities and underactuation becomes an urgent need to be continued studying and overcome by researchers. Currently, there are some contributions such as: anti-sway tracking control for overhead crane system in [1] ; anti-sway improvement in [2] , a nonlinear switching control for 2-D overhead crane system was proposed that uses feedback linearization and Lyapunov stability theory. However, a drawback of the above contributions is that the robustness of the system to changing parameters has not been mentioned. Xiao-Jing Wang [3] proposed a robust two-degree of freedom controller which can suppresses the chattering and improve reaching speed. He-Chen [4] also offered a novel braking control method in ensuring trolley braking as long as payload swing suppression, but they are not experimented in a real model. Biao Lu presented a novel nonlinear controller [5] which creates a satisfied quasi exponential convergence of the equilibrium; nonetheless, with many approximations, the theoretical restrictions in the initial conditions are quite strict, the settlement can be improved in the future. Unlike those above methods, with a real model of overhead crane system, Michele Ermidoro [6] introduced a gain scheduled control method to minimize the integral error as long with to constrain the robustness margins, yet the minimization of the settling time is also considered. An adaptive fuzzy sliding-mode control [7] gives a robustness anti-sway trajectory tracking of 2D overhead crane, which is also applied in this paper, but they did not mention to different payloads. Therefore, this paper has proposed the most adequate abilities of the real overhead crane system through defining this one by practically experimental recognitions.
This paper proposes a control law that combines PID and sliding mode strategy to track the reference and reduce the swing of the 2-D overhead crane system. The effectiveness of the proposed PID-FSMC is to track the desired trajectory for the trolley, to resist the load sway when the trolley is moving and the robustness against disturbances and plant-model mismatch. The research results are verified through simulations in Matlab-Simulink and experiments at the laboratory. The paper has 4 parts: Problem Statement, PID-FSMC Synthesis, Numerical Simulations and Experiments, Conclusions.
PID -FSMC

Mathematical Model
The 2-D overhead crane moves on a track, where ( ), ( ), ( ) x t t u t θ are the trolley position, sway angle of the load and trolley force, respectively. , , M m g are the trolley mass, load mass and gravity acceleration, respectively, here we omit the cable hardness, the trolley friction, air resistance, outside noise as wind, plastic deformation, etc. as well as mass and the load are considered as a point, the braided cable is used in practice. The system is depicted as in Figure 1 . 
Controller design
The anti-sway and tracking PID -FSMC is shown in Figure 2 with two control loops: the inner loop to stabilize the velocity of the trolley by the PI controller and the outer loop is controlled by the PID-FSM controller.
The control system design is divided into 2 steps:
Step 1: Design the tracking PID controller for the outer loop and the PI controller for the inner loop (PID-PI).
Step 2: Design the FSMC for the outer loop ( Figure 2 ).
The tracking controller
First of all, the tracking control law for the overhead crane system based on the PID law is depicted as in Figure 3 . The outer-loop PID controller then drives the trolley to track the reference while the PI controller has the task to stabilize the velocity and reduce the force that causes the load swinging. The inner-loop PI and outer-loop PID controller designs are performed by PID TOOL in Matlab -Simulink. The advantage of the tool is to allow the design of traditional (PI, PID) controllers to guarantee the desried performance even when the plant model is nonlinear. 
Sliding Mode Control (SMC)
Sliding Mode Control is one of the method commonly applied to many controller designs for nonlinear systems, for instance in [9] and [10] . In order to illustrate the method, we consider the following example:
Given a second-order nonlinear system:
∈ ℝ is the state vector, u ∈ ℝ is the control signal and x t x t → , let 1 1d
x x x = − ɶ , we get the sliding surface ( ) s t as follows:
where λ is a positive constant. Differentiate (3) and combine with (2) we get:
The control signal is chosen to be:
Substitute (6) into (5) we obtain:
For 0 η > we will get 0 s → . The stability of sliding mode control has the drawback which is known as the chattering phenomenon: when the state trajectory slides on the sliding surface toward the origin, in order to keep it on the sliding surface, i.e., to have ( ) 0 s t = , the relay ( ( ) sgn s function) has to continuously switch between -1 to 1 and vice versa with high frequency. The state trajectory then cannot be on the sliding surface but zick-zack around it to make a non-smooth path. In order to reduce this phenomenon, one often uses the saturation to replace the relay:
where ρ is an appropriately chosen range.
The sliding mode controller design can be explained completely from Lyapunov theory to choose the proper function Apply the sliding mode control law to the overhead crane system in (1) we get: The reference trajectory in [11] is used with the velocity profiles having both acceleration and deceleration zones as follows:
In order to improve the performance of the overhead crane control system, i.e., to reduce the payload swing while tracking the reference, we propose to employ the combination of PID-FSMC
Fuzzy Sliding Mode Control
First of all, we introduce two fuzzy sets of the sliding surface θ χ , which are
. Here, the positive constant φ depicts the boundary layer, the time function ( ) k t is the scale of the time-varying cancellation of the boundary layer, IB and OB stand for the boundary layer and outer boundary. The family of fuzzy set function is selected from [7] and shown in Figure 4 : 
where: the positive constant λ is small enough to make the value of Then, a fuzzy inference system, a fuzzy controller and a FSMC law which serves as the fuzzy system output using defuzzifier, a minimum inference engine and singleton fuzzifier [12] is rewritten as follows:
Substitute (8) by (9), it can be expressed as:
. sgn( ). 
NUMERICAL SIMULATIONS AND EXPERIMENTS AT THE LABORATORY
Given the system parameters 
PI-PID control
The overhead crane is a nonlinear system with uncertainty. We therefore employ the experimental method to determine the traditional PID parameters with:
The simulation results of the trolley and sway angle using PI-PID: The simulation results of the trolley and sway angle using PID-FSMC: 
Compare the results
The quality of position control of three proposed controllers is shown in the same coordinate system using Matlab/Simulink as in Figure 11 and Figure 12 : controllers.
The quality of angle control of three proposed controllers is shown in the same coordinate system using Matlab/Simulink as in Figure 13 In order to prove the ability of proposed PID-FSMC method, the simulation with the changing of load is used for simulation and the results are shown as. From the experiment results, we conclude that the controller still works well in some range of load mass. For other load mass and strategy, we will simulate in other paper.
Controller simulation results
The simulation results show that the errors tend to zero after 20 seconds, the trolley tracks the trajectory during the simulation time, the system performance with PID-SFMC is much better than that with PID control, Sliding mode control with the reduction of load sway angle. On the other hand, the performance of the control system is still excellent with the variations of load mass, the trolley position follows the trajectory within the simulation time and the sway angle is very small.
Controller experiment results
The 3D overhead crane in laboratory
The 3D overhead crane in laboratory as a fllowing model (Figure 18 ) in [13] : From the experimental results, it can be seen that:
-The settling time is about.
-Control signal without disturbance.
-Existence of small overshoot.
-Capacity of tracking the sliding surface.
-Swing angle is from -0.04 to 0.06 degree and it tends to zero.
Through experimental results with real system, it can be concluded that the sliding fuzzy PID guarantees trajectory tracking of the trolley and ability to anti-swing well and prove the application of the proposed method in industry.
CONCLUSIONS
This paper presented a trajectory tracking controller for 2-D overhead crane system using PID-FSMC. The simulation results show that the system satisfies the required performances such as trolley trajectory tracking, reasonable settling time and load anti-sway. However, these results are obtained from the approximated model (1) with small sway angle. Experimental results proved that the application of the controller is possibly well applied in industry.
